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Abstract 



It is suggested ttiat virtual gluon-clusters exist in nucleon, and that such colorless 
and colored objects manifest themselves in the small xb region of inelastic lepton- 
nucleon scattering processes. The relationship between the space-time properties 
of such clusters and the striking features observed in these scattering processes is 
discussed. A phase-space model is used to show how quantitative results can be 
obtained in such an approach. The results of this model-calculation are in reasonable 
agreement with the existing data. Further experiments are suggested. 







High precision data for deep-inelastic electron-proton scattering and photon-proton scat- 
tering in the small xb (down to 1.8 x 10~^) region are now available/^'^/ from HERA. These 
data not only show that in this region, F2{xb, Q^) increases with decreasing at fixed Q^, 
and increases like InQ"^ at fixed xb, but also show that a distinct class of events — the large 
rapidity gap events — exist. These striking features of the data, have already generated 
much interest/^/. Are they related to one another ? Can these observations shed light in 
understanding the structure of nucleon, and/or the reaction mechanism(s) of such collision 
processes ? 

It is known/^'^'^/ that the data for large rapidity gap events can be described/^/ in terms 
of the special Regge-pole, Pomeron, and/or other Pomeron-hke objects, all of which are 
supposed to have parton-structures. It is also known^^/ since the 1970's that Pomeron 
may be considered as a "gluon-system" . We are thus led to the following questions: Are 
these results suggesting that independent gluon-systems exist in proton ? What properties, 
in particular space-time properties, should such systems — Pomeron and/or Pomeron-like 
objects — have ? According to Regge Pole Models, the Regge-pole Pomeron, is associated 
with vacuum quantum-numbers; hence it is expected that these objects should be colorless 
and carry no isospin etc. But gluons are members of color-octet; hence a system of gluons 
should in general carry color. Can corresponding colored systems also exist in proton if 
colorless ones do ? If no, why not ? If yes, how do they manifest themselves experimentally? 

In order to answer these questions, it seems useful to recall the following: The proton is 
a spatially extended object, and by performing deep-inelastic electron-proton scattering in 
the small Xb and large region, we wish to probe the structure of the proton by a beam 
of incoming virtual photons ^*{xb-i Q"^) of small transverse spatial dimension (~ l/Q^) and 
of relatively short interaction-time (which is equal to l/v = 2Mxb/Q^ when viewed from 
its rest frame, and it is 4P/ [2Mv — Q"^) when viewed in the electron-proton cms system 
where P is the momentum the proton). In other words, in carrying out such experiments, 
we are asking ourselves: What kind of information about the proton structure can we 
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obtain by using virtual photons ^*{Q'^ ^xb), with (transverse) resolution power l/Q^, which 
interact with the constituents of the proton for a short time- interval {1/v = 2Mxb/Q'^ 
or 4P/(2Mi/ — Q"^) in the reference frames mentioned above), provided that 7*((5^,a;s) is 
absorbed by the constituents of the proton, before it turns itself into lepton- or quark-pairs 
due to vacuum-fluctuation. Can such virtual photons tell us in particular whether (if yes 
how) the constituents of the proton interact with one another? 

First of all, let us recall that, not only the spatial resolutions power, but also the 
interaction-time is important in studying this problem: In the limiting case, in which the 
interaction-time between the virtual photon and a (or a group of) constituent (s) is much 
longer than the average time for color-interaction to propagate between any two constituents 
of the proton, the information we get from "our messenger" , the virtual photon, will be: 
"Every constituent of the proton is directly or indirectly interacting with every other con- 
stituent of the same proton." . Hence we are forced to say that, in this case, all constituents 
are interacting with one another. But, we are also forced to accept that not all constituents 
inside the proton are interacting with one another in a given time interval — especially 
when this time-interval is much shorter than the average time for color-interaction to prop- 
agate between any two constituents. This is because in the other limiting case, in which 
the interaction-time between the virtual photon and the struck constituent (of the proton) 
is extremely short — so short that it does not have time to communicate with any other 
constituent of the proton, every struck constituent (parton) can be considered as a free 
particle during the interaction-time. This is the well-known result of Parton Model and/or 
impulse- approximation, which explain(s) the existence of approximate Bjorken-scaling. 

In this connection, it is also useful to recall the following: Due to vacuum polarization 
in QED, the virtual photon may dissociate into a fermion-antifermion pair (lepton-pair or 
quark-pair) which exist for a certain time-interval; and the question whether the virtual 
photon reaches the struck constituent of the proton in form of a bare photon or in form 
of a fermion-pair, depends on the life-time of the virtual fermion-pair state. This life-time 
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can be calculated by standard methods with the help of the uncertainty principle. Viewed 
from proton's rest frame, it is of order q\\/m\ where g|| is the longitudinal momentum of 
the photon, and m±_ = (m^ the so-called transverse mass of the fermion (with m 

stands for the mass of the lepton or that of the quark, and p±_ its transverse momentum). 
It means, viewed in this reference frame, the life-time of the virtual fermion- antifermion 
pair state created by an energetic photon is long — much longer than the interaction-time 
between a photon (with the same energy) and (the constituents of) the proton. Does this 
mean that the "prober" is very likely not a bare photon? The difficulty is bypassed in Parton 
Model by describing the electron-proton scattering in a "fast moving frame" in which the 
proton ( and thus all its constituents) are moving with hght- velocity toward 7*. We note 
that, this method of bypassing the above-mentioned difficulty has also been used in all the 
"QCD-corrected parton models" (See e.g. Refs 1-3 and the references given there). In fact, 
all the parton (valence quark, sea quark and gluon) distributions extracted from the data 
are based on theoretical interpretations and/or analyses made in reference-frames in which 
the constituents are moving with (almost) light-velocity. 

Viewed from such a fast moving reference frame, a gluon g of the proton may dissociate 
into a quark-antiquark pair, and the life-time of such a virtual quark-antiquark qq state is 
Tg ~ (lg\\/'m\ where qg\\ is the longitudinal momentum of the gluon g and m±_ is the transverse 
mass of the quark q (antiquark q). Hence, if Tg is longer than the above-mentioned photon 
(7*) interaction-time ri„t, this virtual qq state can be detected by the 7* with the given 
interaction-time Tint- Now, 7* can only interact with charged constituents, a gluon can 
dissociate into a virtual quark-antiquark pairs, and the life-time of such a virtual gg-pair 
is directly proportional to the longitudinal momentum of the gluon. These facts might 
lead us to conclude that, for a photon 7* with given interaction-time Tint, only gluons with 
sufficiently large longitudinal momenta could be (indirectly) detected by this 7*(Tint). Can 
gluons with lower longitudinal momenta also have a chance to be (indirectly) detected by 

such a 7* (Tint) ? 
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The answer is "Yes!" . This is because according to QCD, quark- antiquark pairs can also 
be produced by gluon-gluon coUisions, and the produced quark- antiquark pairs may again 
turn into gluons. One of the simplest examples is the process illustrated by the so-called 
"box-graph" (See Fig.l) in which two gluons turn into a quark-antiquark pair and than 
turn into two gluons. Now, imagine that, in a certain time-interval, two gluons interact 
with each other (via quark-exchange) and create a quark-antiquark pair which after a short 
moment turn into two gluons again; and during this short moment, a virtual photon 7* 
enters and interact with the quark or the antiquark for a time-interval Tint- Our messenger 
7*(7"mt) would report: "I see charges distributed in space-time! ", and we know, because of 
energy-momentum conservation (and uncertainty principle), the life-time of such a virtual 
quark-antiquark state is proportional to the sum of the longitudinal momenta of these two 
gluons. This example explicitly demonstrates how two gluons may come together to form 
a quark-antiquark pair, which can be detected by virtual photons with a fixed interaction- 
time. If these two gluons, which form the quark-antiquark pair, for a given time-interval do 
not interact with other constituents of the proton (See the discussion at the beginning of 
the present paper!), we call this system (c*) of gluons "a gluon-cluster" . We call the time- 
interval in which they do not interact with other constituents of the proton "the life-time of 
this gluon cluster" , and denote this quantity by Tc- Since three or more gluons can also form 
quark-antiquark pair(s), as illustrated in Fig.l, while the life-time of such quark-antiquark 
pair(s) state is directly proportional to the sum of all participating gluons. (This can be 
readily seen by straightforward generalization of the graphs shown in Fig. 1 to higher orders.) 
It should be mentioned in this connection, that the notion of gluon-cluster is not restricted 
to a system of two or more gluons which can form one and just one quark-antiquark pair. A 
gluon cluster c* is in general a system of gluons which, for a given time-interval Tc, interact 
with one another, and only with one another; they form quark-antiquark pairs, and the 
space-time distributions of the temporarily existing charged constituents can be detected by 
virtual photons in inelastic clcctron-proton scattering processes. The life-time of the gluon 
cluster Tc can be calculated by using the uncertainty principle. 

4 



Kinematic considerations show that such a gluon-cluster, before it interacts (i.e. its 
charged constituents interact) with the incoming virtual photon j*{xb,Q^), is itself virtual 
— in the sense that the total four-momentum Qc of the system of gluons is such that the 
scalar-product is less than zero. This is why we denote such a cluster by c* (with an 
asterisk as superscript). It should also be mentioned in this connection that, in contrast 
to gluon-clusters, the four-momentum of a glueball is time-like. Perhaps, it is possible to 
produce glueballs and/or mesons by knocking-out colorless gluon-clusters under appropriate 
experimental conditions. 

Having in mind that the gluons are subjected to confining color forces, the magnitude of 
which increases with increasing distance within a hadron, and that the clusters are formed in 
a random manner, it is not difficult to imagine that the typical spatial extension of a gluon- 
cluster is comparable with that of a hadron, and that there are in general spatial overlaps 
between different clusters of the same proton. But, as we have explained in connection with 
the definition of the clusters, during the given interaction-time Tint, the cluster struck by 
7*((5^, xb) can be considered as a free (that is not interacting with other cluster or hadrons) 
object, provided that Tint is shorter than the life-time of the cluster. (As we have already 
mentioned at the beginning of this paper, the question "who is interacting with whom" 
depends on the comparison between two time-intervals: the time-interval the "prober" does 
his measurement and the time-interval the probed objects need to communicate with one 
another!) Furthermore, since gluons are members of a color-octet, gluon-clusters are ex- 
pected to be either in the color-singlet (colorless) or in one of the possible color-multiplet 
(colored) states. Hence, there should be two kinds of gluon-clusters, which we denote by Cg 
and respectively. This means, once we accept the widely accepted relationship between 
color and confinement, we also have to accept that the spatial distribution of Cq should 
be very much different from that of cj^. In particular, the former may exist beyond the 
"average border" for the colored constituents of the proton. Taken together the fact that 
there is no color-connection between the colorless clusters Cq and the rest of the proton. 
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this immediately lead us to the following conclusion: The interactions between the virtual 
photon 7* with Cq's are peripheral 7*-nucleon collisions; and it is this kind of collisions which 
is responsible for the large rapidity gap events. The interactions between the virtual photon 
7* with the colored clusters c^'s do not contribute to the large rapidity gap events, but they 
do contribute to the inclusive cross-section for deep-inelastic lepton-nucleon collisions, and 
hence to the structure functions of the nucleon. 

Before we proceed to discuss in more detail the relationship between the proposed gluon- 
clusters and the existing inelastic electron-proton scattering data, it seems useful to ask: 
How much do we know about the dynamics of cluster-formation and cluster-decay ? How 
much details do we need to know about the dynamics of such formation- and decay-processes 
in order to understand the results obtained the experiments performed at HERA ? The 
answer to the first question is: "Very little." It is the case, although we adopt QCD for the 
description of the elementary interactions between the constituents (quark and gluons) . As 
we can see from the examples shown in Fig.l, the color-interactions between the constituents 
in a cluster are in general very complicated, and we are not sure whether it is useful and/or 
meaningful to calculate the lowest order or certain sets of graphs by using perturbative 
QCD. To attack such random formation process using non-perturbative methods in which 
the interaction-time with the "prober" is also taken into account, lattice QCD calculations 
seems to be an attractive possibihty. Discussions on the possibility of writing a Monte-Carlo 
program based on such ideas — in particular the idea of also taking the interaction-time 
between the "prober" and the "probed object" is taken into account in such calculations — 
are underway; but we are still rather far from our goals. Fortunately enough, the answer to 
the second question is also "Very little." ! In fact, in the present paper, we discuss the problem 
by using a statistical approach; and we show that phase space considerations without any 
dynamical input are sufficient to give a reasonable description of the striking characteristic 
features of the HERA-data. 

To be more precise, let us consider such gluon-clusters and their interactions with virtual 
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photons 7* (with given Cf- and xb) in a fast moving frame in which the proton is moving 
practically with the velocity of light. We denote the four-momentum of the proton by 
P — {Ep, 0, 0, \P\), that of the cluster by Qc = {q^, qc± cos ipc, Ici. sin ^ci ?c||) and that of the 
remnant of the proton by P' . Here, we consider only the case in which the remnant of 
the proton remains a proton (the generalization is straightforward) and obtain that, for 
-E^ >(5^ > (M is the proton mass), 

(1) 



1 _ icEp 



" AE Ql ' 

where AE = P'^ + \qc\ — Ep = \qc\ — Qc the energy difference between the initial nucleon 
and the virtual state (which consists of the cluster c* and the proton remnant). In the 
above-mentioned reference frame, the variable = {Qc ' q)/{q ' P) is simply the fractional 
energy of the cluster. 

Colored clusters can only exist inside the nucleon, that is in a restricted spatial region, 
the length of which is of order 1/M (the Compton wavelength of the nucleon). This means, 
due to confinement, the c^'s are expected to stay in a volume Vm of the order of 
independent of the four-momenta Qc of the clusters. In contrast to this, the Cq's can leave 
the nucleon and exist in a spatial region which depends on the spatial distance that a Cq 
can propagate. In the infinite momentum frame, the volume of this spatial region is given 
by Vo = Trr^l. Here ro oc Tc is a measure of the transverse distance which Cq can travel 
during its lifetime Tc. Since everything practically moves with the same (light) velocity in 
the longitudinal direction, I depends, if at all, only weakly on Qc and is taken as a constant, 
I ~ M~^, independent of Qc- Hence, we obtain, for the four dimensional phase-space Qj for 
c* with i = and m, the following: 

, T^M-\ for i = 

ni{^,,Ql)=T,Vi<x{ (2) 

TcM ioT i = m 

Now, we consider the number-density Ni{qc) of c* {i = m, 0) with fixed qc- It is clear that, 
unless there are special dynamical reasons which forbid such considerations, the simplest 



ansatz for this quantity is to assume that it is proportional to the corresponding allowed 
(4-dimensional) phase-space Qj. That is: 



Here, the 5-function takes care of to energy-momentum conservation which requires ~ 
^cEp for Q"^ ^ M^; and Ki with i — 0,m are two constants. 

The contributions to the nucleon structure function F2{xb,Q'^), F2{xb,Q^\c^ + Cq) = 
F2{xb, Q^|c^) + F2{xb, Q^|co), can be calculated. They are given by, 



where F2^ stands for "the structure function of the cluster c*" . 

What do we mean by "the structure function of the cluster c* (i=0,m) ? Why do we 
simply add the contribution from Cq and that from ? These questions are not difficult to 
answer. This is because, having the proposed picture in mind, what we need to know are 
the following: For a given and a given xb, how large is the chance for j*{Q'^, xb) to hit a 
charged member of a gluon-cluster of life-time Tc ? Now, it is clear that probabihty for such 
a '^*{Q'^iXb) to hit a charged constituent of a gluon-cluster c* (i=m,0) is different from zero 
if such a cluster exists. It is also not difficult to imagine that we can express this probability, 
in analogy to that for a hadron under such circumstances, as "the structure function of the 
cluster c*" which is in general a function of the kinematic variables Q'^,Xb,Qc = ~Qc^ Xbc = 
Qc/ (2??c)- Here, q and qc are the four momenta of 7* and c* respectively. In particular, since 
a 7*((5^, Xb) can hit either a charged constituent of a c*^{Ql, xbc) or that of a Cq(Q^, xbc), the 
probability for Y iQ"^ ^ ^ b) to hit a charged constituent of either c^{QI,xbc) or Cq{QI,xbc) 
should be the sum of the corresponding possibilities. This is why we add the structure 
functions of and Cq. In this connection, it is also interesting to compare the structure 
function of a virtual gluon-cluster with that of a virtual meson — in particular a virtual 
pion. The latter is similar to the former in the sense that it also describes the probability 



(3) 




(4) 
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for the virtual photon in an inelastic electron-proton scattering to interact with a charged 
constituent of a virtual (that is space-like) subunit of the proton. But, in contrast to 
the former, it is formed by quark-antiquark collisions, and thus manifest itself outside the 
smed\-XB region where the quark/antiquark-distributions dominate. This is why, we do not 
consider them in the present paper. 

The physical region D of the above-mentioned gluon-clusters is characterized by: qlj_ > 
0, ?c + > ^^<i {q + QcT > Hence, the integration hmits, and therefore the integrals, 
are functions of xb and — even when Fg' are taken as constants (see the discussions 
below). For the exphcit evaluation of F2{xb,Q'^\c*) given by Eq.(4), it is convenient to 
use, instead of {q^Qc)-, the following set of variables {q%ic-,Q'i-,'^(^- The integration hmits 

icmin{xB,Q'^) < Cc < icmax{x b , Q'^) and QlmvnUc] X b , Q'^) < Ql < Qlmaxi^c] X b , Q^) are 

determined by the above-mentioned kinematic constraints. In order to see the qualitative 
features of the relevant quantities, it is useful to know that, for Q'^ » M^, we have: 

Qlmax ^ Q\UXB - 1), (5) 
Qlrmn^MX/{l-Q, (6) 
and ^cmax ~ 1) ^cmin ~ Xb- 

The following qualitative features can be read off from Eqs.(l-6): Both A^j(gc)'s (i = 0, m) 
depend on Ql and ^c, and both decrease with increasing Ql for fixed ^c- For a given ^c, 
the average number (Ni) of clusters q which can be detected by the photon 7*(Q^, xb) can 
be readily obtained by integrating Ni{q^,^c,Ql-,'^<^ in the physical domain D over Ql 
and tpc- The results are the following: {NQ{xB,Q^',ic)) is proportional to ^c/Qtmim ^^'^ 
{NmixB,Q^;Cc)) is directly proportional to iniQl^^^/Ql^^J. Thus we have, 

{No{xB,Q';Q) ~ ^, (7) 

Sc 

{N^XB, Q'; Q) ~ - 1), (8) 



for < <^ 1- It is interesting to note in particular that the latter has a term propor- 
tional to inQ'^/M'^, and this dominates the Q^-dependence of F2{xb-,Q'^\c*^. The former 
is expected to have significant influence in particular on ^c-dependence of the "diffractive 
structure function" F2^^\xbc,Q'^ ,^c) which will be discussed below. 

Let us now examine the second factor in the integrand of Eq. (4) , the structure function 
of the cluster c*, F^, which is a priori not known. As a first step, we ask: What kind 
of Q^- and xs-dependence do we expect to see for ^2(^5, Q^jc*), if the dynamical details 
of such a process do not play a role at all? To see this, we took as a constant. It is 
interesting to see that such a simple ansatz is consistent with the experimental finding in 
e-p-scatterings/^'^'^/ and that in e+-e~-processes/^/. 

In terms of the variables Q% 'fc): we obtain from Eqs.(2) and (4), with F2^* =const, 

the following: 

F2{xB, Q'\c*) = XKi / dCc I dQl Q,(ec, Ql), (9) 

where A ^ 47rM/(l + xsEp/Ee) {E^ is the electron energy) coming from the Jacobi one 
obtains from the variable-transformation from the four-component of qc to {(f^iiciQ'i-iVc) 
and the integration over ipc- The Qj(^c;Qc)'s given by Eq.(3). This means, under the 
assumption that gluon-clusters indeed exists in the small xb region, and that the dynamical 
details about such cluster can be neglected in a statistical approach, their contributions 
to F2{xb,Q'^) namely the sum of F2(a:B, Q^|c*)'s can now be calculated and be compared 
with data/^'^'^'^''^/. Such calculations have been carried out by using the exact expressions 
for the kinematic boundaries. The two unknown parameters Kj's (i — m, 0) times the over 
all normalization constant are determined by adjusting them to the normalization of the 
data points. The results are shown in Figs. 2a and 2b. In order to see whether/how they 
contribute to the large rapidity gap events, we have also calculated the rapidity distribution 
of the produced hadrons. To do this, we wrote a Monte-Carlo program to generate events 
according to Eq.(4) and took the following into account: While a 7*-Cq system can fragment 
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independently, a 7*-c^ system (because of the color lines) has to fragment together with 
the rest of the proton. The fragmentation was performed by using the Lund model/^°/ as 
implemented in JETSET/^^/. (The details of this Monte-Carlo calculation will be published 
elsewhere/^^/.). The result is shown in Fig. 3. 

Furthermore, we note that the measured^^'^'"^/ "proton's diffractive structure functions" 
F2^^\(3, Q^, x-p, t) and F2^^\(3, Q^, x-p) = / F2^^\p, Q^, x-p, t)dt can also be calculated and 
that the variables used in Refs.l and 2 are closely related to those we used in this paper. In 
fact, we have: x = xb, P = xbci = t = Q^] and in the case =const, we have, 

F2^'\xBc.Q\ic.Ql) = Xt^O^oi^cQl), (10) 
F2''^'\xBc: Q\ Q = AaCo Z'^'™^ dQl Qo(ec, Qe)- (H) 

They can now be calculated without any adjustable parameters and the comparison of the 
obtained results with the experimental findings should be considered as further tests of the 
proposed picture. In fact, Eq.(lO) shows that F^^'^^ {xbciQ'^ liciQ'^c) should in particular 
be proportional to for fixed Q\ and proportional to for fixed {c- Eq-(ll) implies 
that F^^^^ixBci Q^i ic) should behave approximately in the same way as the {No{xb, Q^', Cc)) 
does, namely it should be approximately proportional to [see Eq.(7)]. While the latter 
is consistent with the existing data''^'^''^^ (see Fig. 4), the former can be checked by future 
experiments. 

In conclusion, it is suggested that virtual gluon-clusters exists, and they manifest them- 
selves in the small xb region of inelastic lepton-nucleon scattering processes. It is shown 
that the space-time properties of the gluon-clusters play a very special role in understand- 
ing the striking properties observed in such scattering processes. To be more precise, it is 
shown that the persisting ZnQ^-dependence of F2{xb, Q"^) and the existence of large rapidity 
events are closely related to each other; in fact they directly reflect the space-time prop- 
erties of the colored and the colorless clusters. In the framework of a statistical approach 
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discussed in this paper, the gluon-clusters are randomly formed, and the dynamical details of 
cluster-formation and cluster-decay are completely neglected. In order to make quantitative 
comparisons with the data^^"^/, a phase-space model is used to carry out the calculations. 
It is seen that the results of this model-calculation are in reasonable agreement with the 
existing data. Further studies along this line will show whether/how the dynamical aspects 
of such clusters can significantly effect the obtained results. 
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Fig. 1. An illustrative example: a gluon-cluster c* that absorbs a photon 7*. 
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Fig. 2. F2{xb,Q'^), proton's structure function, (a) as function of for different xg-values, 
and (b) as a function of a;^ for different Q^-values. The data points are taken from Refs.[l,2,3,7]. 
The curves are the calculated results. Here, as well as in Fig.3 and 4, the lines show the calculated 
result with the F2^{xbc) =const. 
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Fig. 3. The distribution of r]max compared with the data (Refs. 1 and 2). Note that the 
kinematic cuts used by HI and ZEUS are different. 
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Fig. 4. F2 {xBci Q^i Cc), the difFractive structure function, as function of for different values 
of and xbc- The data are taken from Refs.l and 3 (Note that /3 = xbc and xp = ^c-) The Unes 
are the calculated results. 
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